This paper reports bimodal operation of microchannel resonators towards measurements of properties associated with energy dissipation resulting from travelling particles along with their buoyant masses. Two independent actuation methods are applied for simultaneous operation of the first and second flexural bending modes of cantilevertype microchannel resonators. The first mode is operated in closed loop feedback and the second mode is operated in open loop. During a single microparticle transit inside a microchannel resonator, resonance frequency of the first mode is measured via a heterodyne frequency down-mixer and amplitude and phase of the second mode are measured via a lock-in technique. While a 5-μm diameter single polystyrene particle is dynamically trapped by alternating pneumatic pressure gradient, frequency shift of the first mode and amplitude change and phase shift of the second mode are measured, analyzed, and then statistically compared. Bimodal operation of microchannel resonators demonstrated herein can be applicable to arbitrary modes and will be useful to provide information associated with energy dissipation in addition to buoyant mass for particles of interest.
Background
Suspended microchannel resonators (SMRs) [1] are novel microfluidic microelectromechanical systems (MEMS) devices that are basically mechanical resonators with an integrated microfluidic channel. High quality factor resulting from vacuum packaging facilitates single particle and cell measurements with high resolution by monitoring the resonance frequency shift precisely. Since cantilever-type (clamped-free) SMRs operated at their fundamental resonance frequencies exhibit the position-dependent measurement error near the free end, the second flexural mode has been exploited to measure buoyant masses of particles at antinodes [2] . This is because the channel width typically wider than the traveling particle imposes the transversal position uncertainty for antinode positions but the longitudinal position uncertainty for the tip position. Since SMRs are narrow and long in general, the longitudinal position uncertainty predominantly affects the frequency noise. Recently, a similar concept was further extended to extract buoyant masses and positions of travelling objects by employing phase-locked loop operation of multiple vibration modes simultaneously [3] . Although such a demonstration is promising to identify and track a specific one out of multiple particles co-travelling within a suspended region of the resonator, amplitude change and phase shift of a specific vibration mode closely related with energy dissipation were not measured or recorded.
Dynamic (or AC) mode atomic force microscopy (AFM) [4] , a forefather technique of SMRs, relies on an oscillating cantilever. Via dynamic mode AFM, useful information such as amplitude change or phase shift in addition to the surface topography could be obtained. Two representative dynamic AFM modes are amplitude modulation AFM (AM-AFM) [4] in air or liquid environments and frequency modulation AFM (FM-AFM) [5] in vacuum.
Considering the simple feedback operation, AM-AFM, also known as tapping mode AFM, is more frequently used. AM-AFM has initially used the fundamental resonance frequency [4, 6] and explored higher modes later on since higher modes can offer better phase contrast than the first mode [7] . For simultaneous dynamic mode topography and phase contrast mapping of one or more higher modes, the fundamental mode AM-AFM is performed along with additional excitations of constant amplitude and frequency near specific higher modes [8] . In general, such a technique is called multifrequency imaging [9] [10] [11] . When the total number of modes associated is two, it becomes dual frequency or bimodal AFM [12] [13] [14] [15] [16] . If the bimodal operation providing information associated with energy dissipation, stiffness, and elastic modulus besides topography is applied to SMRs, information other than buoyant mass of particles may be investigated. This promising idea, however, has not been demonstrated yet.
In this paper, bimodal operation of suspended microchannel resonators are explored with two independent actuations for the first time. The first flexural mode driven by integrated electrostatic actuation is operated in closed loop feedback and the second flexural mode driven by off-chip piezo actuator is operated in open loop. The closed loop operation keeps track of the resonance frequency and makes a microchannel resonator run at its resonance frequency all the time and the open loop operation measures amplitude change and phase shift by using AC drive with constant frequency and amplitude. This bimodal operation is applied to a 5-μm diameter single polystyrene particle travelling back and forth by alternating pneumatic pressure.
Experimental details

Mode characteristics
When a particle suspended in a buffer travels through the cantilever (clamped-free) type microchannel resonator, frequency responses depend on the characteristic mode shape as shown in Fig. 1 . The schematic in Fig. 1a shows a microchannel resonator with its cover removed for clarification. Mode shapes and associated mass responsivities for the first and second modes are displayed in Fig. 1b and expected time-dependent variation of the first and second mode resonance frequencies are shown in Fig. 1c while the particle travels through the integrated channel. When the suspended particle enters and leaves the suspended region of the microchannel resonator, monotonic and non-monotonic mass responsivities of the first and second modes result in one and three characteristic peaks, respectively. From the Euler-Bernoulli beam equation, mode shapes are given by where x is the position from the clamped edge, l is the suspended length of the cantilever, A n is the oscillation amplitude at the free end, and λ n is the eigenvalue for the nth eigenmodes. With A n = 1 (normalized mode shape), relative resonance frequency shift of the cantilever with an added mass of Δm is formulated by applying (1) to the Rayleigh-Ritz theorem as follows where f is the resonance frequency and m eff is the effective mass.
(1)
Fig. 1
Mode characteristics and frequency responses of cantilever (clamped-free) type suspended microchannel resonators (SMRs) with a traveling particle. a Schematic of a cantilever-type SMR with its top cover removed. b Mode shape and associated mass responsivity of the resonance frequency of the first and second flexural bending modes. c Variation of the first and second mode resonance frequencies while a particle travels through the integrated channel Fig. 2a, right) . When the resonance frequency is shifted due to any reason (e.g. position change of a particle), amplitude change and phase shift are induced simultaneously (see Fig. 2a, left) . Such induced responses can be simply measured by using a lock-in amplifier. For closed loop operation, a resonator is always running at its resonance frequency by feeding measured amplitude response back to actuation (see Fig. 2b, right) . When the resonance frequency is shifted, the resonator instantaneously follows the shift. Figure 3 shows the schematic of our experimental setup for bimodal operation of microchannel resonators where optical readout and electrical control block diagram are exclusively shown (i.e. fluidic interconnections to the microchannel resonator and pneumatic control for particle dynamic trapping [17] are not included herein). The suspended microchannel resonator used in this work is 406 µm long, 28.5 µm wide, and 12 µm tall and exhibits an integrated microchannel that is 8 µm wide and 8 µm tall. The drive and ground electrodes are integrated for electrostatic actuation. In addition to the on-chip electrostatic actuation used for closed loop operation with the first mode, off-chip actuation based on a commercial piezo actuator is added for open loop operation with the second mode. Once a laser diode reflected off the microchannel resonator is incident on a two-segmented (2-cell) photodiode, AC photocurrent generated is converted into voltage via a transimpedance amplifier. The output from the transimpedance amplifier is further amplified, phase-shifted, and fed back to the on-chip electrostatic actuation electrode. The piezo actuator is separately driven with a constant magnitude at a fixed frequency near the second mode. To measure the first mode resonance frequency, the amplified AC signal is modulated with a reference sine wave from a function generator by a heterodyne down-mixer and then converted into a square wave by a transistor-transistor logic (TTL) level generator. The frequency of the down-modulated square wave is measured by a timer in a DAQ board (National Instruments, USB-6361). To measure amplitude change and phase shift of the second mode, the output from the transimpedance amplifier is measured by a lock-in amplifier (Stanford Research Systems, SR844). For synchronized data logging, outputs from the lock-in amplifier are measured with the same DAQ. This setup is capable of measuring the frequency shift of the first resonance mode and amplitude change and phase shift of the second resonance mode simultaneously upon transit of a single microparticle through a microchannel resonator.
Experimental setup
Result and discussion
Bimodal operation is demonstrated with the cantilevertype microchannel resonator and 5-μm diameter single polystyrene particle suspended in deionized water.
To evaluate the measurement repeatability by ruling out variation resulting from size distribution, the same polystyrene microparticle is dynamically trapped (i.e. a polystyrene microparticle travels back and forth multiple times) while the microchannel resonator is under bimodal operation. Figure 4 shows resonance frequency shift of the first mode (top), amplitude change (middle) and phase shift (bottom) of the second mode measured simultaneously when a 5-μm diameter single polystyrene particle is dynamically trapped with averaged period of 1.16 s (all three graphs show only 5 transits out of 3500 repeated events). All data are sampled at ~ 2 kHz and then processed by using the Savitzky-Golay filter (3rd order, n = 25) for random noise reduction. As expected from Fig. 1c , the first mode frequency shift shows a single downward peak per each transit and amplitude change and phase shift in the second mode show three upward and downward peaks, respectively. For statistical comparison, all 3500 transit events are analyzed and plotted as histograms (see Fig. 5 ). Coefficient of variation (CV), the ratio of the standard deviation to the mean, for the first mode frequency shift is 0.22%. CVs for the second mode amplitude change are 2.03% at the tip and 1.63% at the antinode, respectively. CVs for the second mode phase shift are 2.65% at the tip and 2.56% at the antinode, respectively. Means, standard deviations, and CVs for all cases are summarized in Table 1 . The smallest CV for the first mode frequency shift is due to the closed loop feedback operation. Even at the antinode where there is no position error, CVs for the second mode are one order of magnitude larger than the CV for the first mode. This is due to the lock-in detection that requires relatively small actuation magnitude. If the first mode is operated in open loop and the second mode is operated in closed loop, opposite results would be observed. The size of particles is a very important parameter that affects the outputs. When the particle is very small, the volume displaced by the particle is also small. Therefore, the change of effective mass becomes mitigated for a given mass density and energy dissipation originating from the interaction between the particle and surrounding liquid medium is also suppressed. In contrast, when the particle is very large, both the change of effective mass and energy dissipation become significantly increased. However, when the particle diameter becomes larger than 70% of the channel height, the channel resonator tends to be clogged. This clogging issue limits the dynamic range of the channel resonator.
Bimodal operation demonstrated herein will be useful to measure microscale objects with viscoelastic properties and can be applied for two arbitrary modes including flexural and torsional modes. The proposed bimodal operation is not limited to microchannel resonators thus applicable to other types of resonant mass sensors [18] as well as other resonant systems [19] .
Conclusions
This paper reports the bimodal operation of microchannel resonators by employing two actuation methods simultaneously to measure properties related with energy dissipation as well as buoyant mass of suspended microparticles. When a 5-μm diameter single polystyrene particle travels back and forth multiple times within the suspended region of microchannel resonators, the first and second flexural modes of microchannel resonators are operated in closed and open loops, respectively. Therefore, the first mode measures resonance frequency shift induced by the particle and the second mode measures amplitude change and phase shift associated with the particle. If the proposed bimodal operation is applied for samples exhibiting viscoelasticity, valuable information related with dissipation or damping could be effectively investigated.
